Hydrogen peroxide and central redox theory for aerobic life A tribute to Helmut Sies: Scout, trailblazer, and redox pioneer by Jones, Dean P.
lable at ScienceDirect
Archives of Biochemistry and Biophysics 595 (2016) 13e18Contents lists avaiArchives of Biochemistry and Biophysics
journal homepage: www.elsevier .com/locate/yabbiHydrogen peroxide and central redox theory for aerobic life
A tribute to Helmut Sies: Scout, trailblazer, and redox pioneer
Dean P. Jones*
Department of Medicine, Emory University, Atlanta, GA 30322, USAa r t i c l e i n f o
Article history:
Received 2 September 2015
Accepted 5 September 2015
Keywords:
Oxidative stress
Hydrogen peroxide
Redox biology
Oxidation-reduction
Bioenergetics* Department of Medicine, Pulmonary Division 61
Emory University Atlanta, GA 30322, USA.
E-mail address: dpjones@emory.edu.
http://dx.doi.org/10.1016/j.abb.2015.10.022
0003-9861/© 2015 The Author. Published by Elseviera b s t r a c t
When Rafael Radi and I wrote about Helmut Sies for the Redox Pioneer series, I was disappointed that the
Editor restricted us to the use of “Pioneer” in the title. My view is that Helmut was always ahead of the
pioneers: He was a scout discovering paths for exploration and a trailblazer developing strategies and
methods for discovery. I have known him for nearly 40 years and greatly enjoyed his collegiality as well
as brilliance in scientiﬁc scholarship. He made monumental contributions to 20th century physiological
chemistry beginning with his ﬁrst measurement of H2O2 in rat liver. While continuous H2O2 production
is dogma today, the concept of H2O2 production in mammalian tissues was largely buried for half a
century. He continued this leadership in research on oxidative stress, GSH, selenium, and singlet oxygen,
during the timeframe when physiological chemistry and biochemistry transitioned to contemporary 21st
century systems biology. His impact has been extensive in medical and health sciences, especially in
nutrition, aging, toxicology and cancer. I brieﬂy summarize my interactions with Helmut, stressing our
work together on the redox code, a set of principles to link mitochondrial respiration, bioenergetics, H2O2
metabolism, redox signaling and redox proteomics into central redox theory.
© 2015 The Author. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Intercellular versus intracellular O2 gradients
My PhD research in the early 1970's was on the biochemistry of
hypoxia with Howard S. Mason in Portland, Oregon; by the time I
graduated I was introduced to the leading redox biochemistry
research of the day, including recent research on superoxide dis-
mutase by McCord and Fridovich, chemiosmotic coupling by
Mitchell, and catalase function in liver by Sies and Chance. Argu-
ments abounded at that time about whether cytochrome P-450 and
cytochrome P448 were really two enzymes or only one. This was
before molecular biology; enzymology was king. Methods were
relatively primitive for protein puriﬁcation, computers were very
limited (1K of memory cost $1000), and advanced spectroscopic
methods were rapidly being development. The major discovery of
my dissertation research was that under hypoxic conditions, the
mitochondrial O2 consumption in hepatocytes was sufﬁcient to
establish intracellular concentration gradients of O2 to mitochon-
dria while O2 dependence of cytochrome P450 in the endoplasmic
reticulum experienced only aminimal O2 gradient [1]. This research5 Michael Street, Suite 205P
Inc. This is an open access article udirectly linked me to Helmut Sies, who was also studying tissue O2
gradients at the time.
And this connection continues to current times. At the recent
Oxygen Club of California Meeting in Valencia, Spain, Salvador
Moncada delivered a splendid keynote address in which he
described his work with a newly developed device which he
described as an “oxystat”. As I walked by after his presentation, I
overheard Helmut cordially telling Salvador that his group had
developed an “oxystat” a few decades earlier [2]. I could not resist
teasing Helmut that he was late with his development, that I had
described an oxystat earlier as part of my PhD research [3]. Helmut
seized the moment and commented that we should certainly
obtain a photo of this historic oxystat trio (Fig. 1).
Upon receipt of my PhD, I went to Cornell University in Ithaca to
study enzymology of stearoyl-CoA desaturase with Jim Gaylor. The
nature of this enzymewas only poorly characterized at this point in
time, and Jim was interested in gaining an understanding of a
protein fraction that stimulated desaturase activity. Generation of
hydrogen peroxide upon addition of NADPH to microsomes was
known from Lars Ernster's research, and Jim was interested in
whether the auxiliary protein was functioning to change the stoi-
chiometry of the desaturase from an H2O2-producing to a non-
eH2O2eproducing activity. My ﬁrst stoichiometry studies on thender the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Fig. 1. Legendary Oxystat Trio. Author with Professor Helmut Sies (Left) and Professor
Salvador Moncada (Center) following Professor Moncada's keynote presentation at the
2015 Oxygen Club of California meeting in Valencia, Spain.
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because I had no positive control, i.e., an enzyme which deﬁnitely
produced H2O2, I did not have a satisfactory answer. So I proceeded
to develop a different H2O2 production assay, and ﬁnally a third
H2O2 production assay, before I ﬁnally concluded that H2O2 was not
produced by stearoyl desaturase [4]. In the process of these “failed”
experiments, I became an authority on measurement of H2O2
production. When I moved to Stockholm the following year to
continue my studies with Sten Orrenius, I was already an expert in
measurement of H2O2 production.
The time at Cornell was doubly serendipitous. During this
period of time, Britton Chance invited me to the University of
Pennsylvania to work with him on respiration-dependent O2
gradients in hepatocytes (which I published later independently
from my own laboratory; [5]). This gave me hands on experience
with the methods that Helmut Sies had used in his pioneering
studies on H2O2 production in perfused rat liver [6]. In the process
of my studies with Britt, I obtained independent conﬁrmation of
O2 gradients in hepatocytes. More importantly, Efraim Racker, a
Cornell biochemist noted for his pioneering work on the mito-
chondrial ATPase (Complex V, ATP synthase), was hosting Helmut
Sies as a visitor to the Department. Efraim knew that I had worked
with Britt and felt that this would be useful for me to meet
Helmut.
As I recall, Helmut and I had a good discussion. After I explained
my PhD research and conclusions, however, he told me that he had
already shown this and he would send a copy of his paper. As
imaginable, I was totally deﬂated. But then when I received his
paper [7], I found that even though he referred to intracellular in-
dicators in his title, he had only concluded that there were “inter-
cellular” O2 gradients in liver. Thus, my detection of “intracellular”
O2 gradients, was the ﬁrst publication showing heterogeneity of O2
concentration within cells [1]. I followed this with studies showing
O2 gradients in cardiac myocytes [8] and proximal kidney cells [9],
ATP concentration gradients in hepatocytes [10], pH gradients in
proximal tubule cells [9], and H2O2 gradients in hepatocytes [11].
These provided the foundation for the concept that kinetic limita-
tions are central to the redox organizational structure as we
recently included in the redox code (described below; [12]).
Years later, when I recalled this ﬁrst meeting to Helmut, he had
no recollection. As I guess this meeting should have been: he was
much more impressive to me than I was to him. At least he
remembered me from the Glutathione meeting in Schloss Rei-
sensburg the following year (see: [13]).2. H2O2 production in hepatocytes
I had the remarkable good fortune to join Sten Orrenius in 1977,
just after he had purchased an Aminco-Chance dual beam spec-
trophotometer. I arrived with experience using Britt's homemade
prototype instrument and also had my experience measuring H2O2
during studies of the stoichiometry of the desaturase. Don Reed
was visiting on sabbatical at the time and had recently developed a
sensitive HPLC method for GSH and GSSG [14]. Within a very short
period of time, wewere able to show that certain cytochrome P450
substrates stimulated H2O2 production in hepatocytes [15] as
measured by both the spectrophotometric method that Helmut had
pioneered [6] and by stimulation of GSSG efﬂux, a process also
described by Helmut [16].
I pursued research on H2O2 metabolism when I set up my own
laboratory at Emory. These studies included collaborationwith Sten
showing that H2O2 metabolism is spatially resolved, with low rates
of H2O2 production in peroxisomes being metabolized in peroxi-
somes and low rates of H2O2 production in the endoplasmic re-
ticulum being metabolized by GSH peroxidase rather than
peroxisomal catalase [11]. Years later, Michel Toledano concluded
that speciﬁcity in H2O2 signaling is obtained by localized H2O2
generation and metabolism [17], apparently without realizing that
local generation and metabolism of H2O2 was established decades
earlier [11]. From our series of studies on intracellular gradients, we
also derived an equation to predict when intracellular gradients
will occur [18]. Application of this to redox signaling shows con-
ditions under which substantial local H2O2 gradients exist for redox
signaling (Fig 2).
My controlled titration studies [19] provided an independent
conﬁrmation of Helmut's ﬁnding that intracellular H2O2 concen-
tration is in the low nanomolar range. More recent modeling
studies of H2O2 metabolism also support this interpretation [20].
Thus, the modern view of H2O2 generation and metabolism is
largely developed from Helmut's pioneering research published in
1970. Available evidence indicates that H2O2 is a ubiquitous
metabolite under aerobic conditions. As we developed in the redox
code, this steady-state concentration of H2O2 provides a context to
maintain redox organization and function.
3. Functions of GSH
Helmut had already been studying GSH for a few years [21]
before I began to appreciate its importance [15]. I was well aware
of Helmut's research on subcellular compartmentation of NADH/
NAD and NADPH/NADP systems in liver [22]. He established the
steady-state values for these couples in mitochondria, cytoplasm
and nuclei, and these data provided a foundation for research in my
laboratory to subsequently determine steady-state redox potentials
for GSH/GSSG and thioredoxin couples within the different com-
partments [23e26].
My introduction to GSH research came from the nutritional
story of the selenium requirement for GSH peroxidases [27]; my
introduction to Helmut's research came from his studies on GSH
and GSSG release from liver [28]. Helmut had made important
contributions on Se deﬁciency effects on GSH peroxidase and
cellular GSSG release from liver in studies with Ray Burk [29]. For
my research, his series of prescient experiments showing the
disequilibrium between the NADPH/NADP couple and the GSH/
GSSG couple in liver [21] were probably most important. In a
conversation that I had with Sir Hans Krebs in the late 1970's, it was
apparent that Krebs understood the fundamental importance of
Helmut's research. Krebs described regulation of the pentose
phosphate pathway by GSSG as a mechanism to stimulate NADPH
supply to maintain GSH [30].
Fig. 2. A limited range of rate constant-concentration combinations can support localized redox signaling. Based upon empirical data showing that solute heterogeneity (DC/
_C) occurs in volumes with turnover >2 s1 [18,77], local gradients occur for a system with v ¼ k[PrSH][H2O2] only when rate constant (k) x protein concentration (PrSH) are in the
darker yellow region of the left panel; for details of calculation, see Figure 4 of [64]. Such conditions may occur with activation of H2O2 generation by NADPH oxidases in association
with signaling complexes. A schematic depiction of the diffusion/consumption gradient is shown on the right, where the magnitude of the gradient is largely determined by the
site-speciﬁc H2O2 production rate.
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of the ﬂavin amine oxidase [31], told me that he thought that
Helmut's interpretation was completely wrong. He felt that all
GSSG and protein disulﬁde measurements were artifacts and that if
everything were done strictly anaerobically, everything would be
reduced [32]. However, I had measured pyruvate in hepatocytes
even under strictly anaerobic conditions [1]. The results showed
that even with anoxia, the redox potentials of NADH/NAD do not
swing wildly to negative potentials but only achieve values
approaching the NADPH range. I believe that this is a consequence
of the presence of many other “oxidants” in physiologic systems,
including carbonyls, quinones, disulﬁdes and other electron-
accepting functional groups that serve to protect against reduc-
tive stress.
Whenwe obtained results in the 1990's clearly showing that the
GSH/GSSG and cysteine/cystine couples were not in equilibrium in
human plasma [33], I initially assumed that it was an artifact. Larry
Lash had tabulated data on plasma thiols and disulﬁdes [34], which
supported our analytical measurements. Based upon the earlier
redox studies of the NADH/NAD and NADPH/NADP systems [35]
[22], we recognized that redox systems can appear out of equilib-
rium for multiple reasons. In cells, the couples could be differen-
tially distributed among compartments, or binding proteins could
prevent interaction of one or more components. Plasma does not
have membrane barriers, however, and our equilibrium dialysis
experiments with plasma provided insufﬁcient non-covalent
binding to account for the differences. But it was really Hiram
Gilbert's emphatic support for Helmut's results and interpretation
[36] that made me recognize kinetic limitation between thiol/di-
sulﬁde systems as one of the fundamental principles of aerobic life
[37,38].
Although we only published our ﬁnding of disequilibrium be-
tween GSH/GSSG and Cys/CySS system in plasma in 2000 [33], by
2002 we had evidence for differences as a function of age in
humans [39], for cysteine/cystine redox control cell growth [40],
and for differences between GSH/GSSG and Trx (reduced/oxidized)
redox systems during proliferation and differentiation of CaCo2
cells [41]. We went on to characterize compartmentalization of the
thiol/disulﬁde systems [23] in the same way Helmut had done for
the NAD and NADP systems [22].
4. Reﬁning the deﬁnition of oxidative stress
Helmut is perhaps best known for his deﬁnition of oxidativestress [13,42]. I was in Stockholm in 1981 on one of several “mini-
sabbaticals” studying with Sten Orrenius, and I remember well Sten
and Peter Moldeus exuberantly discussing the Kappus and Sies
paper on redox cycling [43]. From this paper, which clearly presents
oxidative reactions in an abnormal context of lipid peroxidation,
the nature of chemically induced oxidative stress is effectively
deﬁned as a disruption in normal function leading to extensive
oxidation of membrane lipids. In his extension of the concept more
globally to macromolecular damage in the 1985 deﬁnition of
oxidative stress [42], Helmut brought together many disparate
ﬁelds of radiation biology, cancer, aging, nutrition, etc [13].
As large-scale, double blind trials of radical-scavenging antiox-
idants accumulated to show little or no health beneﬁt [44e52],
arguments abounded concerning possible problems with study
design, choice of antioxidants and accessibility of antioxidants to
critical targets. While I felt that all of those could contribute, my
interpretation from the kinetic limitations in electron transfer be-
tween thiol/disulﬁde systems was that there was a general
misconception about the nature of redox systems. In our 2004
paper describing cysteine/cystine as a hub in the redox organiza-
tional structure [37], we introduced the concept that thiol/disulﬁde
redox circuits can be described in analogy to the well-deﬁned
mitochondrial electron transfer pathways. My 2006 paper, “Rede-
ﬁning Oxidative Stress” [53] discussed disruption of these redox
circuits as a replacement to Helmut's deﬁnition. In my conversa-
tions with Helmut, he said that he would prefer the term “reﬁned”
to “redeﬁned” and pointed out that my deﬁnition overlooked the
very real evidence for DNA damage from radiation and hepatic
failure from carbon tetrachloride or halothane intoxication. Thus,
the following year we introduced a consensus deﬁnition (if one can
consider agreement between two individuals as “consensus”) as
“An imbalance between oxidants and antioxidants in favor of the
oxidants, leading to a disruption of redox signaling and control and/
or molecular damage.” [54].
5. The redox code
Studies by Ward Kirlin in the 1990's showed that the calculated
steady-state GSH/GSSG redox potential in HT-29 cells changed as a
function of differentiation and after exposure to benzylisothiocya-
nate, an activator of the antioxidant response element (ARE) [55].
We recognized the potential importance of this in terms of control
of cell function; if proteins responded rapidly enough to this change
in potential, then changes in this steady state could control cell
D.P. Jones / Archives of Biochemistry and Biophysics 595 (2016) 13e1816functions [55]. However, the data available at that time were
insufﬁcient to conclude that this actually happens. Considerable
data showed that protein oxidation occurs following addition of
oxidants, but limited data provided evidence for oxidation under
normal physiologic conditions. As a consequence of Ward's ﬁnding,
I began efforts to determine whether changes in protein oxidation
occur naturally during the life cycle of cells. Jiyang Cai and Bert
Watson developed an assay for thioredoxin-1 [56] based upon
earlier studies of bacterial thioredoxin by Arne Holmgren [57], and
Yvonne Nkabyo showed that unlike the oxidation of GSH/GSSG,
thioredoxin-1 did not become oxidized during spontaneous dif-
ferentiation of CaCo2 cells in culture [41].
The ﬁrst disease-associated signaling pathway response of cells
to an imposed change in redox potential was obtained by Young-Mi
Go in 2005 [58]. This study did not identify the redox-responsive
protein but showed downstream activation of pro-inﬂammatory
cytokines in mouse aortic endothelial cells in response to varied
extracellular cysteine/cystine redox potential. This motivated our
work with Jan Pohl to develop the redox ICAT method to measure
protein thiol oxidation in cells under usual physiologic conditions
[59]. The results of these studies conﬁrmed data of others [60e62]
showing that cysteine residues of many proteins are partially
oxidized under usual cell growth conditions [63]. Importantly, the
ﬁnding that the percentage oxidation of cysteinesmap to functional
pathways for the proteins rather than to subcellular distribution of
the protein [63], provided impetus to consider the character of the
redox proteome [64] within central redox theory, a subject
receiving little attention since Helmut's detailed review in 1982
[22].
I had been thinking about this for several years but could not
reconcile all of the information. So in late 2010, I approached Hel-
mut to inquire whether he would be willing to help me with this.
He agreed, probably not remembering that I am not as efﬁcient as
he is. The writing of “The Redox Code” [12] took approximately ﬁve
years for completion; most of the delay was due to my limitations,
not Helmut's.
Starting with research from Bücher and Klingenberg in the
1950's [65] and Krebs in the 1960's [66], summarized and expanded
by Helmut in his 1982 review [22], a ﬁrst redox principle was
evident: Reversible electron accepting and donating properties of
nicotinamide in NAD and NADP provide organization of meta-
bolism, operating at near-equilibrium [12]. Substrate oxidations are
linked to reduction of NADþ and NADPþ, which in turn are linked to
ATP production, catabolism and anabolism, respectively. Helmut
and I discussed whether a related principle was needed to connect
1-electron transfer (radical) processes with 2-electron transfer
(non-radical) processes, such as occur with ﬂavoproteins, semi-
quinones and ascorbate. We ultimately decided, however, that this
should be left to future updates to elaborate the code.
Our most extensive discussions concerned the second principle,
that metabolism is linked to protein structure through kinetically
controlled redox switches in the proteome, which determine ter-
tiary structure, macromolecular interactions and trafﬁcking, activ-
ity and function. The evolution of my thinking, from deﬁned thiol
redox circuits [37,38] to relatively non-deﬁned redox networks
[67e69], greatly complicated deﬁnition of this principle. I
attempted to detail variations in abundance of proteins and reac-
tivity of sulfur switches, but ultimately Helmut prevailed with his
clarity of thought. We agreed that considerable research will be
needed to deﬁne the orders of magnitude variations to understand
the speciﬁcity and/or network structure; the central principle that
we recognized was that sulfur switches deﬁne the connectivity of
the bioenergetics and metabolic systems to the macromolecular
structures [12]. A corollary to this principle is that other redox-
dependent, high-energy metabolites, e.g., acetyl-CoA, S-adenosylmethionine, NADþ, etc., elaborate a broader connectivity
of the bioenergetics and metabolic systems to the macromolecular
structures and functions through acetylation/deacetylation,
methylation/demethylation, ADP-ribosylation and other epi-
proteomic switches.
The third principle exempliﬁed the synergy from our collabo-
ration. Helmut wanted to incorporate innovative imaging methods
of Hung et al. [70] and the exciting ﬁndings of Love et al. [71] and
Knoefer et al. [72] showing that oxidative processes occur during
development and wound repair. I wanted to incorporate the
concept that linked, opposing reactions involving NADPH and H2O2
are used to maintain stable, non-equilibrium conditions [73] in
cellular regulation. Our conversations on these points led to the
recognition of a third principle, that activation/deactivation cycles
of redox metabolism, especially involving H2O2, support spatio-
temporal processes in differentiation and life cycles of cells and
organisms [12].
This principle ultimately links back to Helmut's original mea-
surement of H2O2 generation in mammalian tissues [6]. The central
depiction of H2O2 as a universal pool of oxidant remains only a
conceptual framework because there is no way to calibrate the
steady-state concentration in most biologic systems. My interpre-
tation is that upon evolution of O2 in the Earth's atmosphere, the
rate of chemical oxidation of thiols contributed to maintenance of
an H2O2 concentration in the low nanomolar range and that H2O2
generation by mitochondria and NADPH oxidases evolved as sys-
tems to maintain a steady oxidative tone for redox organization.
This provides a type of capacitor in which the potential difference
between the NADPH/NADP couple and the H2O2/water couple is
available to control the structural dynamics through reversible
switches. The waves of H2O2 generation and elimination operate
within this 3-dimensional structure. One must recognize however,
that the number of discrete examples of activation/deactivation
cycles is limited. Despite this, the third principle provides a foun-
dation for new experimental paradigms to test spatiotemporal
sequencing and related mechanisms in disease [12] and aging [74].
A fourth principle emerged from our discussions of the rele-
vance of the principles of the redox code to the genetic code, his-
tone code and epigenetic code. Christopher Wild had deﬁned the
concept of the exposome [75] as the cumulative lifelong exposures
of an individual, which complements an individual's genome in
accounting for disease. The fourth principle can be considered in
analogy to this genome-exposome complement: the genome de-
ﬁnes an individual, while the redox code, along with histone and
epigenetic codes, deﬁne how an individual interacts with its envi-
ronment. Young-Mi Go and I had proposed that the interaction of
the genome and the exposome occurs through a redox interface
[76]. The fourth principle ﬁts naturally with this concept, namely,
that redox networks form an adaptive system to respond to envi-
ronment, frommicrocompartments through subcellular systems to
the levels of cell and tissue organization. This adaptive redox
network structure is required to maintain health in a changing
environment and, if functionally impaired, contributes to disease
and organism failure [12].
6. Summary and perspective
Through these brief comments, I have emphasized how Helmut
Sies has had considerable impact on redox biology, especially
through his fundamental research on oxidative stress and redox
biochemistry. I have illustrated how my own research has been
enriched both by standing upon his shoulders and also by directly
bearing the load of the intensive thought to reﬁne the deﬁnition of
oxidative stress and elaborate central redox theory. His lifelong
career in application of quantitative methods anchored the ﬁrst
D.P. Jones / Archives of Biochemistry and Biophysics 595 (2016) 13e18 17principle of the redox code. His demonstration that the GSH/GSSG
redox couple is not in equilibrium with the NADPH/NADP couple
provided a foundation for contemporary understanding of kinetic
control in the redox proteome. His measurements showing that
H2O2 is present at low nanomolar concentrations in mammalian
cells provided a context for understanding the general feature that
cysteines within proteins exist in partially oxidized states and that
cyclical activation/deactivation cycles of oxidation serve to control
and direct complex processes in cellular differentiation and organ
development. Thus, an understanding of the redox code is a direct
derivative of his pioneering research and underscores the critical
and long-term impact of his research in redox biology and
medicine.
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